Summa,-r W'e examined levels of mRNA and protein for N-cadhein. the predominant cadhenrn in neural tissues, and mRNNA levels for the cadherin-associated protein. x-catenin. in a senes of gliomas and in glioblastoma cell lines. mRNA levels for N-cadhenrn and c-catenin were significantly higher in glioblastomas than in low-erade astrocvtomas or normal brain. while the levels of intact N-cadherin protein were similar in glioblastomas. low-grade astrocvtomas and brain. In addition. there A-as no consistent relationship betv-een invasiveness and expression of N-cadhenin and ci-catenin in highly invasive vs minimally invasive tumours A-ithin the same histopathological grade. To assess further the relationship between cadherin expression and neural tumour invasion, we measured N-cadherin expression. calcium-dependent cell adhesion and motility of several glioblastoma cell lines. While all N-cadhenrn-expressing lines u-ere adhesive, no correlation was seen between the level of N-cadherin expression and cell motility; Together. these findings imply that, in contrast to the role played by E-cadhenrn in carcinomas. N-cadherin does not restnrct the invasion of glioblastomas.
The prognosis for patients with malignant primanr brain tumours remains poor. in large part because the invasiveness of these tumours limits the effectiveness of local therapies such as surgery (Kellv et al.. 1987 : Burger et al.. 1988 . Although the acquisition of invasive capacity bv cancer cells during tumour progression has not been fullv analysed, alterations of cell-cell adhesion, increases in cell motility and secretion of proteolI-tic enzymes seem likely to be involved (Liotta et al.. 1991) . The suggestion that cell-cell adhesion might be an important determinant of insvasion stems from the observation that the mutual adhesiveness of squamous cell carcinomas is weaker than that of corresponding normal cells (Coman 1944 (Coman . 1947 . Progress in identification and characterisation of cell-cell adhesion molecules (CAMs) (Takeichi. 1988 : Cunningham et al.. 1990 : Albelda and Buck. 1990 has made it possible to determine whether changes in expression or activity of specific CAMs contribute to the invasi've or malignant potential of different tumours. Recent studies indicate that E-cadherin. the major adhesion molecule found in epithelial cells (Takeichi. 1988) . inhibits the motility and invasion of carcinoma cells (Chen and Obrink. 1991 : Frixen et al.. 1991 : Vleminckx et al.. 1991 .
E-cadherin is one member of the cadherin family, which are transmembrane glycoproteins that mediate Ca>--dependent cell-cell adhesion (Takeichi. 1988) . Classical cadherins consist of a large extracellular domain that contains five homologous segments with calcium-binding motifs, a transmembrane domain and a cytoplasmic domain. Cadherins mediate adhesion by a homophilic mechanism. i.e. cadherinto-cadherin bindinz (Nagafuchi et al.. 1987 ) and the specificity of this binding is determined by the aminoterminal homologous repeat segment (Nose et al.. 1990) . Cadhenrns are linked to the cvtoskeleton bv means of cvtoplasmic proteins, termed c-. and y-catenins (Ozawa et al.. 1989: Ozawa and Kemler. 1992) . which bind to a region of 70 amino acids in the cytoplasmic domain of cadherins. Binding of catenins is essential for effectiv-e cadherinmediated adhesion Takeichi. 1988: Ozawa et al.. 1990 (Takeichi et al.. 1981 : Shirayoshi et al.. 1983 . In contrast. inactivation of other adhesion molecules has little effect on adhesiveness of cells as long as cadherins are intact (Duband et al.. 1987) . In addition to mediating adhesion. cadherins appear to affect cell differentiation and behaviour. When cadherins are introduced into fibroblasts or sarcoma cells via transfection. the cells assume a more epithelioid morphology-with the development of specialised junctions (Takeichi. 1988) . Cadherin-mediated contact also induces cell differentiation (Shiravoshi et al.. 1983 ). These results imply that changes in expression of cadherins might have profound effects on cell behaviour.
In carcinoma cells, loss of E-cadherin correlates directly with increased malignancy and invasiveness in Oi,o (Schipper et al.. 1991 : Shiozaki et al.. 1991 : Sommers et al.. 1991 : Mayer et al.. 1993 : Rasbridge et al.. 1993 . In addition. transfection of epithelial cells or fibroblasts with E-cadherin suppresses their invasion in *itro. while loss of E-cadherin correlates with enhanced invasiveness (Behrens et al.. 1989 : Chen and Obrink. 1991 : Frixen et al.. 1991 : Vleminckx et al.. 1991 . These observations strongly suggest that E-cadherinmediated adhesion regulates tumour cell invasion. This conclusion is strengthened by closer analy-sis of some tumours that are invasive yet retain levels of E-cadherin: in these cells. x-catenin expression is greatly reduced, resulting in reduced E-cadherin-mediated adhesion (Shimoyama et al.. 1992 : Morton et al.. 1993 : Kadowaki et al.. 1994 . Although these observations establish that E-cadherin inhibits tumour cell invasion, the mechanism by u-hich this occurs is not vet fully understood.
In contrast to E-cadherin. little is know-n about the relationship between expression of neural cadherins and invasion of astrocytomas. Several cadherins are enriched in neural tissue, including N-cadherin Takeichi. 1986: Hatta et al.. 1987 : Tomaselli et al.. 1988 . but the molecule is not restricted to the ner ous sy-stem and is also abundant in skeletal ) and cardiac muscle (Duband et al.. 1987 (Laemmli, 1970) . 5 mm EDTA. 100 glI of phenlmnethylsulphonyl fluoride. 1 mm leupeptin. 1 1Am pepstatin and 100 tLm iodoacetamide was added and the pellets were boiled for 5 mn. Normal brain tissue removed from an epilepsy patient. astrocytomas and a sample of chicken heart (a positive control for N-cadherin) were homogenised in an equal volume of the buffer described above and boiled for 5 mn. Equal volumes (10 l per lane) of each extract were separated by using 75%0 polyacnrlamide gels and transferred onto nitrocellulose membranes. After blocking with 5% dry milk in TBS (10 mm Tris -HCl pH 7.5. 150 mm sodium chloride), the membranes were incubated with primary antibodies overnight. After electrophoresis. the protein content of each extract was quantified by the Bio-Rad protein assay kit (Bio-Rad. Hercules. CA. USA) and the extracts were found to contain similar levels of protein that, in no case. varied more than 2-fold. In addition, the relative level of loading and effectiveness of transfer were verified by cutting off the lower part of the nitrocellulose filter and staining with 0.1% amido black. For detecting N-cadherin. we used the monospecific poly'clonal antiserum C-NCAD (raised against a synthetic peptide correspondin*g to amino acids 838-856) (Lagunowich et al.. 1990 ) (generously provided by J Grunwald). which recognises the cvtoplasmic region near the carboxyl terminus. After washing. the membrane was incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (H + L) (Bio-Rad Laboratories). After washing. the bands were visualised with nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt (Gibco BRL. Gaithersburg. MA. USA). Assays were repeated at least three times and averages were calculated.
Wound filling assay Glioblastoma cell lines were grown to confluency in tissue culture dishes. At three places within each dish, a small region was scraped with a P-200 plastic pipette tip to produce a cleared path (wound') of almost constant width. The wounds were observed by phase-contrast microscopy at roughly 12 h intervals after scraping, and the time when each wound was totally filled by cells was noted. In two experiments, the times of complete filling did not vary.
were highly invasive tumours while GBM6 and GBM9 were minimally invasive. Similarly, GBM5 and GBM8 expressed roughly similar amounts of N-cadherin mRNA, higher than the level expressed in GBMl, GBM6. GBM7 and GBM9; of these tumours, GBM5 was highly invasive while GBM8 was Figure 1 shows data from Northern blots hybridised with radiolabelled probes for Ncadherin and x-catenin. An N-cadherin cDNA probe recognised RNA transcripts of 4.0 and 4.3 kb, as previously reported (Walsh et al., 1990) . The E-catenin probe reacted with a single transcript of 3.8 kb (Oda et al., 1993) . To compare the levels of N-cadherin and x-catenin mRNA in different samples, the blots were also hybridised with an oligonucleotide probe for 18S RNA as a measure of the amount of RNA loaded. These blots and others were then quantified by scanning with a phosphorimager, the amounts of mRNA for N-cadherin and a-catenin in each sample were normalised relative to 18S RNA, and the values tabulated (Table I) . Replications of the same tumour specimens were generally consistent, and comparison of the different tumour specimens revealed that N-cadherin was expressed at significantly higher levels in anaplastic astrocytomas and glioblastomas than in low-grade astrocytomas and normal brain ( Table I) . The difference between these groups was highly significant (P<0.05 in Student t-test). The a-catenin transcript was also expressed at significantly higher levels in high-grade gliomas than in low-grade astrocytomas and normal brain, which contained very low levels of N-cadherin and cz-catenin mRNAs. Although higher grade tumours are generally more invasive, this is not invariably the case. We therefore compared the expression of N-cadherin among tumours within a single grade that vanred in invasiveness, as assessed by clinical records, particulary MR scans. Although this analysis was necessarily restricted by the limited number of samples, no consistent relationship was seen between N-cadherin expression and invasion. For example, among the grade IV glioblastomas, GBM1, GBM6, GBM7 and GBM9 aH express similar amounts of N-cadherin mRNA; GBM1 and GBM7 minimally invasive. As another example, within grade III. AGIII2 was highly invasive, whereas AGIII3 was very localised; when corrected for differences in loading, these tumours expressed similar levels of N-cadherin mRNA. Finally, although there was significant variation in the level of mRNAs for N-cadherin and cx-catenin in different gliomas (Table I) , the ratio between the two mRNAs was generally similar (linear regression and correlation analysis yielded values of r = 0.838 and P = 0.000).
We also compared the expression of mRNA for Ncadherin and the associated protein x-catenin in several established human glioblastoma cell lines. RNA was extracted from cells harvested at different states of confluence analysed by Northern blots. The seven glioblastoma cell lines also expressed elevated levels of N-cadherin and x-catenin mRNA relative to normal brain (Figure 2 and Table II) . In contrast to the tumour specimens, however, there was no correlation between the levels of N-cadherin and rx-catenin mRNA in the cell lines. In addition, mRNA levels for both molecules varied as a function of cell density, although there Figure 3 . antibodies to N-cadherin detected a band of approximately 120 kDa in extracts of all astrocytomas and in normal brain that comigrated with a band in the positive control extract from chicken heart. The different astrocytoma tumour samples generally contained similar levels of N-cadherin. Although slightly lower levels of N-cadherin were seen in the GBM 11 extract, the pattern of amido black staining suggested that there was some degradation of the proteins in this extract. N-cadherin was also detected in extracts of all glioblastoma cell lines (Figure 4) , although the levels varied somewhat.
The U-87MG and T98G lines expressed relatively low levels of N-cadherin, while the U-373MG and SNB-19 lines expressed relatively high levels. 
Dicassiom
Previous work suggests that the loss of E-cadherin that occurs as tumours progress to less differentiated forms is an important determinant of enhanced invasiveness (Takeichi, 1993) . N-cadherin is the predominant cadherin in brain tissues and appears to play a major role in maintaining the multicellular structure of brain (Hatta et al., 1985) . We therefore tested whether expression of N-adherin might regulate the invasive behaviour of astrocytomas. We found that N-cadherin and a-catenin expression increases or remains the same as astrocytomas progress to high-grade glioblastomas. In addition, no correlation was observed between cadherin expression and cell motility in a series of glioblastoma cell lines. As discussed below, these results indicate that the relationship between N-cadherin expression and invasion is quite different from that of E-adherin.
To analyse the relationship between cell adhesion and invasiveness of astrocytomas, we first surveyed the expression of several cell adhesion molecules, including N-cadherin, N-CAM, LI, E-cadherin and P-cadherin. in tumour samples. Results from this initial survey (data not shown) indicated that only N-cadherin and N-CAM, which contributes to cell adhesion to a lesser extent than N-cadherin (Duband et al., 1987) , showed appreciable expression. The remainder of our studies focused, therefore, on N-cadherin and the associated protein, a-catenin.
In tumours, higher levels of mRNA for N-cadherin were found in anaplastic astrocytomas (AA) and glioblastomas It was striking that, in all of the tumours examined, increases in N-cadherin mRNA were accompanied by approximately proportional increases in the levels of a-catenin mRNA. The x-catenin probe used recognises both a-Ecatenin and a-N-catenin, but only a-N-catenin is expressed in normal brain (Hirano et al., 1992) . We presume therefore that the elevated levels of a-catenin mRNA detected in tumours correspond to a-N-catenin. If the correlation between increased N-cadherin mRNA and x-catenin mRNA is not simply fortuitous, this finding may suggest that expression of the two genes is coordinately controlled. In contrast, a-catenin expression is greatly reduced in some epithelial tumours that retain high levels of E-cadherin (Shimoyama et al., 1992; Morton et al., 1993; Kadowaki et al., 1994) , apparently contributing to the invasive ability of the tumour cells.
In contrast to the increases in mRNA for N-cadherin, immunoblot analysis suggested that normal brain, low-grade astrocytomas and high-grade astrocytomas all contained roughly similar levels of intact N-cadherin protein. Although this apparent discrepancy could arise in several ways, one intriguing possibility is that the N-cadherin protein produced in the high-grade tumours is not completely destroyed, but, by analogy with the situation known to occur during normal retinal development (Paradies and Grunwald, 1993) , is cleaved to produce a soluble fragment that might retain some biological activity. This possibility is consistent with our findings, but could not be directly tested, because the antibody used to detect N-cadherin reacts with the carboxylterminal portion of the molecule, and thus would not detect the soluble fragment.
Chen and Obrink (1991) have observed that cell contact mediated by E-cadherin inhibits cell motility and have suggested that this may be the means by which cadherins inhibit invasion. We therefore evaluated the motility, calciumdependent adhesion and N-cadherin expression of several human glioblastoma cell lines, to analyse further whether there is any relationship between cadherin-mediated adhesion and invasion of glioblastoma cells. As in the glioblastoma tumours, all seven lines showed higher levels of N-cadherin mRNA expression than found in normal brain or low-grade astrocytomas. There were significant variations in calciumdependent adhesion among the different cell lines and, given that other neural cadherins might be variably expressed by these lines, it was perhaps not surprising that the variations in adhesion did not appear to reflect differences in the levels of N-adherin expression. The lines also showed significant variations in motility, as assessed by their ability to refill 'wounds' made in a confluent monolayer of cultured cells (the same assay used by Chen and Obrink). In contrast to the relationship between E-cadherin mediated adhesion and motility (Chen and Obrink, 1991) , no consistent relationship was seen in the glioblastoma cell lines between cadherin expression and motility, although such a correlation could have been obscured by variations in intrinsic levels of motility.
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The experiments described here were motivated by studies of the relationship between E-cadherin expression and invasion in carcinoma cells (Takeichi. 1993 In conclusion. these studies show that the expression of N-cadherin mRNA and protein remain at equal or higher levels in high-grade astrocytomas relative to low-grade astrocytoma or normal brain. Together with the finding that glioblastoma cell lines show no consistent relationship between N-cadherin expression and cell motility, the results imply that expression of N-cadherin does not regulate invasion of high-grade astrocytomas.
